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Executive Summary

A recent effort by the National Renewable Energy Laboratory (NREL) has led to a new radiative
transfer model, the Fast All-sky Radiation Model for Solar applications with Narrowband
Irradiances on Tilted surfaces (FARMS-NIT), to efficiently compute spectral irradiances in the
plane of array. This model has been implemented in the National Solar Radiation Database to
provide the photovoltaic (PV) resource in both narrowband and broadband wavelengths. This
study conducts an evaluation of the spectral irradiances from the PV resource data set using
surface-based observations at NREL’s Solar Radiation Research Laboratory and the University
of Oregon. The results demonstrate that the PV resource has a generally good agreement with the
long-term observations in both clear-sky and cloudy-sky conditions. Further research is needed
to reduce the overestimation of visible irradiances in clear-sky conditions and the
underestimation of near-infrared irradiances in cloudy-sky conditions.
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Introduction

Models estimating the production from solar energy conversion systems often assume isotropic
diffuse radiation in both the downwelling and upwelling directions (Badescu 2002; Liu and
Jordan 1963; Xie, Sengupta, and Dooraghi 2018). Other conventional models compute plane-of-
array (POA) irradiances by empirically converting global horizonal irradiance and direct normal
irradiance to irradiance over inclined surfaces (Perez et al. 1987). In view of the previous
modeling efforts to compute POA irradiance and spectral irradiance, we observe several
bottlenecks that cannot be easily avoided by the current framework: (1) The empirical equations,
though efficiently used in the transposition models and spectral models to reduce the overall
uncertainty in the training data, are unable to guarantee consistent accuracy in all specific
scenarios because they neglect the underlying physics with complex combinations of aerosol,
cloud, and land surface properties. (2) A transposition model needs to incorporate a spectral
model to compute spectral irradiance in the POA even though the algorithms in these models are
developed using different data sources. This can by itself lead to extra uncertainties compared to
individual uncertainties when the models are used independently.

To address the drawbacks of the transposition models, spectral models, and radiative transfer
models, Xie and Sengupta (2018) developed the Fast All-sky Radiation Model for Solar
applications with Narrowband Irradiances on Tilted surfaces (FARMS-NIT) to solve the
radiative transfer equation for the individual photon paths and thereby compute spectral
irradiance in the POA (Xie and Sengupta 2018; Xie, Sengupta, and Wang 2019). The clear-sky
atmospheric properties, e.g., the optical thickness of the atmosphere, are efficiently solved by the
Simple Model of the Atmospheric Radiative Transfer of Sunshine (SMARTS) (Gueymard 1995)
in 2002 wavelength bands from 0.28—4.0 um. The clear-sky radiances are numerically obtained
by computing the absorption, scattering, and reflection by aerosols with a single-scattering
assumption. The cloudy-sky radiances are associated with the cloud transmittance precomputed
by a 64-stream discrete ordinates radiative transfer (DISORT) model (Stamnes et al. 1998) and
Rayleigh scattering above and under the cloud. The integration of the radiances over the inclined
surfaces leads to spectral POA irradiances for any photovoltaic (PV) tilt directions. Following
advanced studies on the atmospheric properties using satellite observations (Lawless, Xie, and
Yang 2006; Minnis et al. 2020; Minnis et al. 2011; Xie 2010, 150; Xie and Liu 2013; Xie et al.
2014; Xie et al. 2020; Xie et al. 2019; Xie et al. 2012a; Xie et al. 2012b), FARMS-NIT has been
implemented in the National Solar Radiation Database (NSRDB) (Habte et al. 2020; Sengupta et
al. 2018; Xie, Sengupta, and Dudhia 2016) to provide the PV resource over Central and North
America.

Although FARMS-NIT has been validated using surface-based observations at the National
Renewable Energy Laboratory’s (NREL’s) Solar Radiation Research Laboratory (SRRL) (Xie
and Sengupta 2018; Xie, Sengupta, and Dooraghi 2018; Xie et al. 2019), more comprehensive
validation is needed in various scenes, surface orientations, tracking surfaces, and climate zones.
In this study, the PV resource data disseminated by the NSRDB website are validated by long-
term observations at NREL’s SRRL and the University of Oregon.
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1 The PV Resource Data from the NSRDB

Figure 1 demonstrates the pop-up window on the NSRDB website to download the PV resource
data. With the user’s selection of location and PV orientation, FARMS-NIT and NSRDB data are
used to compute the POA irradiance in real time. The cloud properties from the NSRDB are
aggregated to 4-km and 30-minute resolutions. The spectral irradiance data are computed by
FARMS-NIT for 2002 wavelengths from 280 nm to 4,000 nm. The data are at 0.5-nm intervals
from 280 nm through 400 nm and at 1-nm intervals from 400 nm through 1,700 nm. The
intervals increase to 5 nm from 1,700 nm through 4,000 nm.

The PV resource data for each round hour are available within 1-10 minutes after receiving the
user’s order. An email notification will be sent to users when the data are ready to download.
More details on the PV resource data are available from the NSRDB website,
https://nsrdb.nrel.gov. In this study, the spectral data from the PV resource are scaled to ensure
consistency between the spatial integration of the spectral irradiances in the downwelling
direction and the global horizontal irradiance data from the NSRDB.

Data Download Wizard
Himawari PSMv3 Himawari 2011-15 PSMv3 MSG 10DC: PSMv3 Puerto Rico SHR SUNY India TMY PSMv3

Spectral TMY India SUNY India Spectral On-demand PSMv3 TMY Full Disc PSM v3 5 Minute

Spectral PSM Select Year

The National Solar Radiation Database O 1998 O 1999 O 2000 O 2001 O 2002 O 2003
(NSRDB) is a serially complete collection O 2004 O 2005 O 2006 O 2007 O 2008 O 2009
of hourly and half-hourly values of the

three most common measurements of O 2010 O 2011 O 2012 O 2013 O 2014 O 2015

solar radiation—global horizontal, direct

normal, and diffuse horizontal irradiance O 2016 O 2017 O 2018 @ 2019
—and meteorological data. These data

have been collected at a sufficient

number of locations and temporal and Select Attributes

spatial scales to accurately represent

regional solar radiation climates. All attributes will be included

Supported by the U.S. Department of
Energy’s SunShot Initiative, the NSRDB is
a widely used and relied-upon resource. Select Download Options
The database is managed and updated
using the latest methods of research by a

% Documentation ®) Fixed Tilt 40 Panel Tilt Angle

Dr. Manajit Sengupta 130
National Renewable Energy Lab
Contact

Panel Azimuth Angle

O 1 Axis Tracking

Edit User Info Download Data

Figure 1. The pop-up window to order PV resource data from the NSRDB website
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https://nsrdb.nrel.gov/

2 An Evaluation of the Spectral Irradiance Data Using
Observations at NREL’s SRRL and the University of
Oregon

In this study, the spectral irradiances from the PV resource data are evaluated using surface-
based observations at NREL’s SRRL and the University of Oregon. For NREL’s SRRL, the
spectral irradiances are measured by a horizontal EKO WISER spectroradiometer system
consisting of a set of instruments, such as MS-710 and MS-712. The spectral data from 1/1/2019
to 12/31/2019 on the horizontal surface are given at 1-nm intervals from 350 nm to 1,650 nm.
For the University of Oregon, the spectral data are measured by a MS-711 mounted on a 1-axis

tracking system to cover 1-nm intervals from 300 nm to 1,100 nm. More than one year data from
8/23/2018 to 12/31/2019 are considered.

500 NREL SRRL (5/12/2019, 12:00) 5.00 NREL SRRL (5/19/2019, 12:00)
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175 175 PV Resource
— 1.50 — 1.50
0 0
£ =
TC 1.25 rl\.C 1.25
£ =
5 1.00 5 1.00
[0} [0}
(%] (9]
oy C
© 0.75 D075
© kel
o© o
—_ —
— 0.50 — 0.50
0.25 0.25
0.00 0.00 f
o 500 1000 1500 2000 2500 3000 3500 4000 7o 500 1000 1500 2000 2500 3000 3500 4000
Wavelength (nm) Wavelength (nm)

Figure 2. A comparison of spectral irradiances on (left) clear-sky and (right) cloudy-sky scenes at
NREL’s SRRL
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Figure 3. A comparison of spectral irradiances on (left) clear-sky and (right) cloudy-sky scenes at
the University of Oregon

It is important to know that any data point is not exact, and there are uncertainties associated
with the data. Even if the data match, there is still uncertainty in the data, and the match can only
be as good as the data or the model. Still, it is always builds confidence in the model to have the
modeled and measured data match even if there are systematic uncertainties and biases in the
measured data. It is useful to look at clear-sky and cloudy-sky conditions over the year to see
how well models and data match. Figures 2 and 3 illustrate the spectral irradiances at NREL’s
SRRL and the University of Oregon, respectively. The curve of the measured data is smoother
than that of the modeled data because the measurements by the spectroradiometers are recorded
at 1-nm separations. The spectral model data are recorded at smaller wavelength intervals. More
importantly, the measured data at a given wavelength also include measurements from other
nearby wavelengths because the spectroradiometer has an average full width at half maximum of
less than 7 nm. This has the effect of averaging over a range of wavelengths. If the full width at
half maximum is a Gaussian distribution and is consistent over all wavelengths, the effect of this
spread can be calculated. Without actual laboratory tests, however, it is difficult to address this
issue in a comprehensive manner. The spectroradiometer also has a directional response that is
better than 5% for the MS-711. This can affect any comparison. On the one-axis tracker, the
spectroradiometer is pointing more toward the sun and should have minimal directional affects;
however, that must be proven. Figures 2 and 3 show that the clear-sky irradiances from the PV
resource data are underestimated in the visible wavelengths, whereas a much better agreement
can be found in the near-infrared wavelengths. This probably indicates an underestimation of the
transmittance of the aerosol. For cloudy-sky conditions, however, the spectral irradiances from
the PV resource data are underestimated. At specific wavelengths, e.g., 950 nm, the modeled and
measured data can be considerably different. This is caused by the spectral measurements having
a full width at half maximum of 7 nm or less; therefore, the measurement at a given wavelength
is a combination of measurements from the surrounding wavelengths as well as at the given
wavelength.
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The disparity at specific wavelengths can be reduced in the long-term averaged spectral
irradiances, as shown in Figure 4.
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Figure 4. A comparison of the long-term averaged spectral irradiances at NREL’s SRRL and the
University of Oregon

Figure 5 compares the spectral irradiances from the PV resource data in all the wavelengths with
surface observations. Because of the different wavelength intervals, data from the PV resource
and surface observations are both averaged in 20-nm intervals. The model shows that the
simulation and surface observation have a generally good agreement.
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Figure 5. A comparison of the spectral irradiances at NREL’s SRRL and the University of Oregon
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3 Conclusions

This study evaluates the spectral irradiance data from the PV resource product of the NSRDB.
Approximately 1 year of surface observations at NREL’s SRRL and the University of Oregon
are compared with the spectral irradiances computed by FARMS-NIT and NSRDB data. The
spectral irradiances received on a horizontal surface and a 1-axis tracking system at NREL’s
SRRL and the University of Oregon, respectively, are investigated.

It can be concluded that the PV resource data have a generally good agreement with the long-
term observations; however, some differences are noticeable. The clear-sky irradiances at visible
wavelengths are underestimated by the PV resource data. This is probably caused by the
uncertainty in the aerosol optical depths at the wavelengths. On the other hand, the cloudy-sky
irradiances at near-infrared wavelengths are slightly overestimated by the PV resource data. A
larger difference between the PV resource data and surface observations can be seen at specific
wavelengths that are particularly sensitive to water vapor absorption. This can be related to the
relatively coarse wavelength resolution in the observations as well as the influence from the
surrounding wavelengths. Moreover, some of the differences observed could also be attributed to
the uncertainty of the spectroradiometers.
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